Introduction
============

Obesity is characterized by the over-accumulation of fat in the adipose tissue. It is generally considered as a big risk factor for diabetes, hypertension, heart disease and numerous other pathological conditions. Genetic as well as environmental factors are implicated in the genesis of obesity^\[[@b1]\]^. The obese state develops by deposition of increased number of adipocytes via mitogenesis and differentiation processes^\[[@b2]\]^. Adipocytes store excess energy, but when overloaded they become resistant to insulin, which compromises their ability to accumulate lipids and facilitates alterations in structure and metabolism in remote tissues, such as pancreas, liver and muscles^\[[@b3]\]^. Excessive oxidation in adipose cells is common and triggers cellular stress^\[[@b6],\ [@b7]\]^. So it is conceivable that anti-oxidant and/or anti-inflammatory therapies that act on adipose tissue may have potential benefits in the amelioration of obesity-related diseases. Numerous studies on low-toxicity natural products like Genistein, conjugated Linoleic acid (CLA), Docosahexaenoic acid, Epigallocatechin Gallate, Quercetin, Resveratrol and Ajoene have shown their effects on adipocytes during stage specific development. These polyphenols, thus classify themselves as one of the strategy for preventing obesity and treating related metabolic disorders.

In the present study, potential of EGCG, a potent polyphenol, was employed to study its effects on mesenchymal stem cell differentiation into adipocytes. EGCG is the most abundant ingredient, comprising approximately 50% (w/w) of the total catechins in green tea. It has been shown to reduce the incidence of cancer ^\[[@b8]\]^, collagen-induced arthritis ^\[[@b11]\]^, neurodegenerative diseases^\[[@b12]\]^ and diabetes^\[[@b13]\]^. Furthermore, EGCG has also been reported to reduce body weight and body fat ^\[[@b14]\]^. When injected into rats, EGCG reduces their food uptake, lipid absorption, blood triacylglycerol (TAG), cholesterol and leptin levels, and stimulates energy expenditure, fat oxidation, high-density lipoprotein levels and fecal lipid excretion^\[[@b14]\]^. It also reduces cell number and TAG content during the differentiation of pre-adipocytes suggesting that EGCG regulates the mitogenic, endocrine and metabolic functions of adipocytes^\[[@b14],\ [@b16]\]^.

The mesenchymal stem cells (MSCs) besides being suggested as a better model system to study the fat metabolism also possess a key characteristic of being immunologically well tolerated and hence serve as an attractive candidate for regenerative medicine. However, none of the studies have targeted EGCG's anti-adipocytic effect on MSCs. MSCs are a heterogeneous population of plastic-adherent, fibroblast-like cells, which in culture have ability to self-renew and differentiate into mesodermal and non-mesodermal derived tissues^\[[@b17]\]^. Advancements in understanding tissue specific differentiation of MSCs in conjunction with global genomic and proteomic profiling of MSCs have not only provided insights into their biology, but also made MSCs-based clinical trials a reality for treating various debilitating diseases and genetic disorders. The C3H10T1/2 cell line constitutes a reliable MSC model cell system for the study of stem cell differentiation^\[[@b20],\ [@b21]\]^. Therefore, the present study was designed to analyze the effects of EGCG on the mouse mesenchymal cell line C3H10T1/2 differentiation, employing adipogenesis as a paradigm.

Materials and Methods
=====================

Cell culture
------------

The mouse mesenchymal stem cell line (C3H10T1/2) was maintained in growth medium DMEM (with high glucose content), supplemented with 10% FBS (heat inactivated), 100 U penicillin, and 100 μg/ml streptomycin. All the experiments were performed using third passaged cells. The cells were plated at a concentration of 1.5x10^6^ cells per well of the six well plate in the above mentioned growth medium and kept in an incubator maintained at 37 °C in the atmosphere of air and CO~2~ (5%). All the experiments were performed 24 h post establishing the cells in culture and designated this time as 0-day of culture.

Viability based on continuous growth studies
--------------------------------------------

Varying amounts of EGCG (1μM, 5 μM, 10 μM and 50 μM) were used to study the growth of EGCG cells through microscopic assessment of the morphology of C3H10T1/2 cell line. For this, 24 h post establishment the cells (1.5 × 10^6^ cells/well of a six well plate) were treated at the above mentioned concentrations and observed under phase contrast microscope for any morphological characterization.

Cell migration (Scratch assay) as an indicator of cellular proliferation
------------------------------------------------------------------------

Wound healing assay was performed as a measure of cell migration capacity and cell division following treatment of the cells with varying concentrations of EGCG (1μM, 5μM). For this, the cells were scratched off leaving a continuous gap of \~1cm broad across the wells of six well plates. The markings were placed so as to obtain same area for the microscopic comparison. The time taken by the cells to migrate in the area of scratch followed by filling of the wound (gap) was used as a measure of the proliferation potential of the EGCG.

Cell counting
-------------

Cells were seeded into 6-well plate and treated with 1 μM, 5μM EGCG. On the day of counting, cells were rinsed twice with 37°C sterile PBS and trypsinized, centrifuged at 4,000 rpm for 5 minutes. The supernatant was discarded and then cells were counted with the help of haemocytometer.

Regulation of adipogenic differentiation by EGCG
------------------------------------------------

The cells were seeded in six-well plates at a density of 1.5×10^5^ cells/well. Two days after reaching \~80 % confluence stage (day 0), the C3H10T1/2 cells were treated with 1μg/ml insulin, 0.25 μM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine (adipogenic differentiation-induction medium) for 9 days. The differentiation maintenance medium was changed once in two days until the cells were harvested. To test EGCG effects on adipogenesis, EGCG at a concentration of 1 μM was added to the differentiation induction medium until the cells were harvested. The regulatory effect on adipogenic differentiation by EGCG was analyzed by staining of the cells with Oil red O, while for the molecular characterization the effect on adipogenic marker gene Adipsin was analyzed as per the following:

Oil red O (ORO) staining
------------------------

Briefly, the C3H10T½ cells were seeded in six-well plates at a density of 1.5×10^5^ cells/well. Two days after reaching \~80 % confluency (day 0), the cells were treated with adipogenic differentiation medium in the presence or absence of EGCG as per the protocol mentioned above. For the staining purpose, the cells were fixed for a period of 5 min with 10% formalin followed by washing with 60% isopropanol. The cells were then incubated with Oil red O solution for 1 hour at room temperature and then were rinsed with water. Stained cells were visualized microscopically and observations recorded.

TAG quantification
------------------

The cells were fixed and stained using same method as mentioned above. The cells were then washed with water. The stained triglyceride droplets were extracted for 10 minutes with 1 ml isopropanol and the absorbance was read at 510 nm. The triglyceride content is standardized by triolein.

RT- PCR analysis
----------------

Total RNA of C3H10T1/2 cells under different experimental conditions were extracted by Trizol method (Invitrogen) according to the manufacturer's instructions. Specific PCR amplification procedures were carried employing forward and reverse primers of Adipsin (422 bp) (Forward 5\'- ATG GTA TGA TGT GCA GAG TGT AG -3\'; Reverse 5'- CAC ACA TCA TGT TAA TGG TGA C -3\'), Glyceraldehyde 3-Phospho- dehydrogenase (150 bp) (Forward 5'-TCT TGG CTA CAC TGA GGA C-3'; Reverse 5'-TGT TGC TGT AGC CGT ATT CA-3'). The amplified products were analyzed on 0.6 % agarose gels.

Statistical analysis
--------------------

Statistical analysis was done using Student's t-test. It was used to examine the differences between the control, EGCG-treated groups. Results were expressed as means ± S.E.M. of values from at least three independent experiments in triplicate determinations. Statistical significance was represented with an asterisk for *p*-value \< 0.05.

Results
=======

Effects of EGCG on cell viability
---------------------------------

In the present study, EGCG was used to evaluate its anti-adipogenic differentiation potential in mesenchymal stem cell line, C3H10T1/2. The preliminary study was planned to discern the growth viability of these cells to the varying concentrations of EGCG (1 μM, 5 μM, 10 μM and 50μM). As shown in [figure 1](#fig1){ref-type="fig"}, twenty four hours post treatment, the lower two concentrations of EGCG i.e. 1 μM, ([Figure 1b](#fig1){ref-type="fig"}) 5 μM ([Figure 1c](#fig1){ref-type="fig"}) were well tolerated by these cells and the cells showed normal fibroblast like morphology along with retaining the same growth pattern as compared to control cells ([Figure 1a](#fig1){ref-type="fig"}). The cells remained adhered as flat evenly placed monolayers and the nuclei were evenly spaced as described by Reznikoff et al (1973)^\[[@b22]\]^. The higher concentrations of EGCG 10 μM ([Figure 1d](#fig1){ref-type="fig"}) and 50 μM ([Figure 1e](#fig1){ref-type="fig"}) were found to be toxic to the cells as these cells showed altered morphology with many showing apoptotic alterations viz. cell shrinking (black arrow), detachment (white arrow) ([Figure 1 d & e](#fig1){ref-type="fig"}). Further, it was also observed that cells remained viable and continue to grow at both the 1 μM and 5 μM concentrations of EGCG for 3 days ([Figure 1 g & h](#fig1){ref-type="fig"}), and even after till 9th days (data not shown) in culture.

Effects of EGCG on cells migration ability
------------------------------------------

Having observed that the low concentrations of EGCG are well tolerated, its effect on the cell behavior was characterized. For this EGCG's effect on cell migration (indirect proliferation) was studied employing scratch assay.
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Confluent monolayer cells were scratched (\~1cm) 24 h post establishment and were washed with PBS to remove any suspended cells. The day of scratch was marked as day 0, following the scratch, the cells were then treated with two different EGCG concentrations i.e.1 μM and 5 μM. The migration of the cells in scratched area was assessed by phase contrast microscopy at 24 hours post scratch (day 1). As the scratch produced remained uneven, a 1 cm area was marked within the scratched area to enumerate the extent of the cell migration. As shown in [figure 2](#fig2){ref-type="fig"} a, b & c, the scratched area was devoid of any cellular structure following scratch (day 0). Twenty four hours after the scratch (day1), the cells in control well (compare [Figure 2a](#fig2){ref-type="fig"} versus 2d) quickly migrated and filled majority of the scratched area. On the other hand, the cells exposed to EGCG whether at 1 μM ([Figure 2e](#fig2){ref-type="fig"}) or at 5 μM ([Figure 2f](#fig2){ref-type="fig"}) were very slow to migrate to the scratched area as compared to cells in the cells in control well ([Figure 2d](#fig2){ref-type="fig"}). Further, the concentration of 5μM of EGCG was, found to be rather more effective ([Figure 2f](#fig2){ref-type="fig"}) in preventing the cell migration as compared to 1μM of EGCG ([Figure 2e](#fig2){ref-type="fig"}). Since the cell migration is also a proxy to cell proliferation, it is imperative to suggest that EGCG shows a inhibitory potential on mesenchymal stem cell proliferation. In order to further reiterate these observations, cell counting assay was performed. For this 20,000 cells were seeded in 6-well plate. After 24 hours, the medium was replaced by fresh growth medium containing 1μM and 5μM concentrations of EGCG while the cells in control group received growth medium only.
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The cells were trypsinized 24 h post EGCG treatment and were quantified. As shown in [figure 3](#fig3){ref-type="fig"}, the total count of the cells in control wells was found to be \~ 5.5±0.01 x10^4^ ( repeated in triplicate), the EGCG treatment interfered with the growth activity and both at 1μM and 5μM concentrations of EGCG the cell count was found to be**\~** 4.5±0.2 x10^4^ and \~ 3.3±0.1 x10^4^, respectively.
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Effects of EGCG on Adipogenesis
-------------------------------

Having observed the cells behavior to EGCG, the differentiation potential of EGCG on C3H10T1/2 mesenchymal stem cells was analyzed. Adipogenesis was used as a differentiation paradigm. The cells were treated with adipogenic differentiation **i**nduction medium (DIM) cocktail either alone ([Figure 4b1](#fig4){ref-type="fig"}) or in combination with EGCG 1μM ([Figure 4c1](#fig4){ref-type="fig"}). Any changes in the cells morphology, under phase contrast microscope, were followed continuously for a period of nine days. The comparison of cellular morphology among control ([Figure 4a1-a4](#fig4){ref-type="fig"}), DIM ([Figure 4b1-b4](#fig4){ref-type="fig"}) as well as DIM plus EGCG ([Figure 4c1-c4](#fig4){ref-type="fig"}) treated cells in photo-micrographs showed that within in three days of treatments the cells underwent changes in the morphology marked by increase in size (black arrows) and appearance of small vacuolar (oil lobules, white arrows) structures specifically in DIM treated cells ([Figure 4b2](#fig4){ref-type="fig"}). The size of these oil like droplets in the cells increased continuously till the 9^th^ day post treatment. The EGCG addition to these DIM treated cells though did not vary the cells morphology (black arrows) drastically but certainly prevented the formation of these vacuolar structures ([Figure 4c2-c4](#fig4){ref-type="fig"}).

Such an inhibitory ability of EGCG on Adipogenesis was further validated by microscopic images of treated C3H10T1/2 cells captured after Oil red O staining ([Figure 5c](#fig5){ref-type="fig"}) in comparison to DIM treated cells ([Figure 5b](#fig5){ref-type="fig"}) and by measuring the triglyceride content through spectrometric analysis ( 510 nm) of the extracted Red stain color by isopropanol for 10 min from the stained cells ([Figure 6](#fig6){ref-type="fig"}). The values are expressed as a percentage with respect to the positive control (cells treated with DIM alone). Addition of EGCG to DIM treated cells produced approximately 40% reduction in the red stained cells in comparison to the cells treated with DIM alone ([Figure 6](#fig6){ref-type="fig"}). These observations thus suggested that EGCG function as anti-adipogenic agent by preventing mesenchymal stem cell differentiation.
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Effects of EGCG on adipsin expression
-------------------------------------

To understand the molecular event involved in such an anti-adipogenic role of EGCG, the expression levels of adipsin, a marker for adipocytic differentiation was analyzed. The total RNA was isolated and reverse transcribed from control, DIM and DIM plus EGCG treated cells at day 9^th^ following the treatments followed by PCR amplification employing primers specific to adipsin gene. The electrophoretogram of the amplified product from control (lane-1, [Figure 7a](#fig7){ref-type="fig"}), DIM treated (lane-4, [Figure 7a](#fig7){ref-type="fig"}) and DIM plus EGCG treated (lane-3, [Figure 7a](#fig7){ref-type="fig"}) demonstrated that DIM treatment produced amplification of a product corresponding to molecular size of \~422 bp which remained under expressed in control cells (lane-1, [Figure 7a](#fig7){ref-type="fig"}) and cells treated with EGCG alone (lane-2, [Figure 7a](#fig7){ref-type="fig"}). The EGCG addition to DIM treated cells produced \~ two fold reduction in the expression of adipsin in comparison to DIM treatment alone, albeit its levels remained more to adipocytes.than the control ([Figure 7 a & b](#fig7){ref-type="fig"}). These observations thus further reiterated that EGCG possessed the anti-adipogenic potential and inhibited the adipogenic differentiation of mesenchymal stem cells in culture.
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Discussion
==========

In the present study we investigated the effects of Epigallocatechin Gallate on adipogenic differentiation of the mesenchymal stem cells. The observations of the present study demonstrated that EGCG inhibited the lipid accumulation in the mesenchymal stem cells destined to differentiate in adipocytic cells following exposure to adipogenic differentiation medium. Besides its anti-adipogenic role, EGCG also prevented cell migration, an indirect marker for the cell proliferation^\[[@b23]\]^. Whether this anti-proliferative effects is akin to anti-adipogenic character of EGCG though warrants further study, but flurry of information lend support to this association. Based on the known pre-adipocyte murine cell culture models viz. 3T3-L1, 3T3-F442A and Ob17, it is known that upon reaching conﬂuency and growth arrest, the opportunistic re-entry to cell cycle through hormonal induction led these pre-adipocytic cells to go through multiple cycles of post-conﬂuence mitosis, called mitotic clonal expansion (MCE)^\[[@b24]\]^. It is rather a basic regimen of terminal adipocyte differentiation. As shown in the present study the inhibition of staining, restrained cell migration together with reduction in total cell number, by EGCG, advocates for its ability to prevent C3H10T1/2 mesenchymal stem cells differentiation into adipocytic lineage following hormonal cocktail exposure (Insulin, dexmethasone, 3-isobutyl-1-methylxanthine). This cocktail is known to induce adipogenesis in various cell lines, including C3H10T1/2 cells^\[[@b25]\]^. Adipsin a marker gene for differentiation is expressed at high levels in adipose tissue and is a regulator of lipid accumulation in adipocytes^\[[@b26]\]^. Results of present study demonstrated down regulation of adipsin expression in EGCG treated cells as compared to cells treated with differentiation hormonal cocktail. These observations though preliminary certainly points towards maintaining stem cell pluripotency and also provided a sound framework to assess the stem cell behavior (proliferation and differentiation) when treated with green tea polyphenol EGCG. Moreover, Tang *et al* (2003)^\[[@b24]\]^ demonstrated that preventing the entry into S phase in 3T3-L1 cells during MCE completely hampered the process ensuing adipogenesis. Similar, observations by Kuri-Harcuch and Marsch-Moreno (1983) ^\[[@b27]\]^ demonstrating direct relation between the inhibition of DNA synthesis in 3T3-F442A cells and prevention of the formation of fat cells further corroborated the observations of the present study. Earlier studies have shown that EGCG besides inhibiting the differentiation of pre-adipocytic cells also brings about wide range of biological functions like anti-oxidant, anti-cancer, anti-angiogensis^\[[@b28]\]^. Previous reports describing growth arrest and differentiation of exponentially growing keratinocytes indicated that a dose of 50 μM and 100 μM of EGCG increased the conversion of undifferentiated kertainocytes into corneocytes with concomitant decreased cell proliferation^\[[@b29],\ [@b30]\]^. This represents an important step in cells behavior to EGCG treatment. However, this certainly does not seem to be the universality, as in the present study concentration of 10 μM, 50 μM were found to be rather toxic to mesenchymal stem cells C3H10T1/2. Whereas, lower doses of EGCG 1 μM and 5 μM were sufficient reduce the proliferation of mesenchymal cells in a dose dependent manner. EGCG also reduced the migration of C3H10T1/2 cells as observed through scratch assay. Multitudinous reports^\[[@b31],\ [@b32]\]^ providing support to the fact that EGCG inhibits the proliferation and migratory behavior of proliferating cells further lend credibility to the observations of the present study. A growing body of work suggests that stem cells and cancer cell seems to posses some common molecular mechanisms (genomic/epigenomic/nongenomic) for retaining their characteristics off course deciding controlled or deregulated proliferation^\[[@b33],[@b34]\]^. The inhibition of proliferation (migration in scratch area) of stem cells by EGCG may plausibly target similar molecular events as observed in cancer cells. These observations are also corroborated by the fact that EGCG treatment reduced the cell count significantly further suggesting that EGCG might be regulating cell proliferation which is an important character for long term maintenance of cell pleuripotency. Together with ability of EGCG to suppress the adipogenesis of MSC, as seen in the present study, it seems that EGCG may function as two-edged sword whereby besides anti-proliferative action, it also reduces adipogenesis. The anti-obesity role of EGCG further gets corroboration from recent studies^\[[@b34],\ [@b35]\]^ though the precise mechanism remains elusive. Present results showed that EGCG inhibited the differentiation of C3H10T1/2 cell lines and so it can be used as drug supplement for controlling the obesity which is responsible for associated diseases like diabetes and heart problems. Thus, it is possible that as in pre-adipocytic cells, the EGCG treatment to mesenchymal stem cells also follows such a paradigm to inhibit the Adipogenesis. The inhibition of adipsin gene expression, by EGCG thus prevents the mesenchymal stem cell differentiation induced by adipogenic differentiation cocktail. Beside this reduction in the expression of adipsin, a parallel reduction in the lipid accumulation in the differentiating mesenchymal stem cells was also notified.

Based on these observations, it is pertinent to claim that EGCG, an important flavonoid of green tea, possesses the ability to limit the mesenchymal stem cells differentiation to adipogenic lineage. This may provide a rational approach towards developing EGCG as a multifaceted molecule for the intervention of obesity related disorders, including carcinogenesis.

CLA:

:   Conjugated Linoleic acid

DIM:

:   Differentiation induction medium

DMEM:

:   Dulbecco's Modified Essential Medium

EGCG:

:   Epigallocatechin Gallate

FBS:

:   Fetal bovine serum

MSC:

:   Mesenchymal Stem Cell

ORO:

:   Oil red O

PBS:

:   Phosphate buffered saline

RNA:

:   Ribonucleic acid

RT-PCR:

:   Reverse transcription-polymerase chain reaction

TAG:

:   Triacylglycerol

Potential Conflicts of Interests
================================

None

**Sponsors/Grants**

This work is funded by Council of Scientific and Industrial Research (CSIR), New Delhi, India, Department of Science and Technology PURSE Grant to Center for Stem cell and Tissue Engineering, Panjab University Chandigarh, India. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
